Objective-Adequate platelet reactivity is required for maintaining hemostasis. However, excessive platelet reactivity can also lead to the formation of occlusive thrombi. Platelet 12(S)-lipoxygenase (12-LOX), an oxygenase highly expressed in the platelet, has been demonstrated to regulate platelet function and thrombosis ex vivo, supporting a key role for 12-LOX in the regulation of in vivo thrombosis. However, the ability to pharmacologically target 12-LOX in vivo has not been established to date. Here, we studied the effect of the first highly selective 12-LOX inhibitor, ML355, on in vivo thrombosis and hemostasis. Approach and Results-ML355 dose-dependently inhibited human platelet aggregation and 12-LOX oxylipin production, as confirmed by mass spectrometry. Interestingly, the antiplatelet effects of ML355 were reversed after exposure to high concentrations of thrombin in vitro. Ex vivo flow chamber assays confirmed that human platelet adhesion and thrombus formation at arterial shear over collagen were attenuated in whole blood treated with ML355 comparable to aspirin. Oral administration of ML355 in mice showed reasonable plasma drug levels by pharmacokinetic assessment. ML355 treatment impaired thrombus growth and vessel occlusion in FeCl 3 -induced mesenteric and laser-induced cremaster arteriole thrombosis models in mice. Importantly, hemostatic plug formation and bleeding after treatment with ML355 was minimal in mice in response to laser ablation on the saphenous vein or in a cremaster microvasculature laser-induced rupture model. 
P latelet adhesion and aggregation at the site of vascular injury are essential for maintaining normal hemostasis and preventing blood loss. However, the same processes can also lead to the development of arterial thrombosis and vessel occlusion when the integrity of the vessel wall is compromised by rupture of an atherosclerotic plaque. 1 Excessive platelet activation and aggregation may lead to the formation of occlusive thrombi and result in severe consequences, such as myocardial infarction, ischemic stroke, and pulmonary embolism, which are the predominant causes of morbidity and mortality worldwide. 2 Antiplatelet therapy is considered a gold standard for its effectiveness in preventing aberrant platelet activation and pivotal in the treatment of cardiovascular atherothrombotic events to reduce morbidity and mortality. 3 Currently approved antiplatelet therapies inhibit platelet function by targeting platelet enzymes, receptors, and glycoproteins. 4 Although these therapeutic approaches limit platelet function, they often result in a concomitant increased risk of bleeding. Therefore, a need exists for the identification of novel antiplatelet therapeutic targets that limit bleeding.
Platelet 12(S)-lipoxygenase (12-LOX), an oxygenase predominantly expressed in human platelets, uses arachidonic acid released from the phospholipids as a substrate to form bioactive metabolites (12-(S)-hydroperoxyeicosatetraenoic acid and 12-(S)-hydroxyeicosatetraenoic acid ) that have been shown to regulate biological processes, such as integrin activation, vascular hypertension, and progression of certain types of cancer. 5, 6 The bioactive lipid products resulting from 12-LOX oxidation have been shown to play a role in platelet activation, granule secretion, and clot retraction in vitro, suggesting an important role of 12-LOX in regulation of platelet function. 4 However, the role of 12-LOX in regulating platelet function, thrombus formation, and hemostasis in vivo is poorly understood because of a lack of highly selective inhibitors to 12-LOX. 7, 8 With the recent development of a new class of selective platelet 12-LOX inhibitors, a key role for 12-LOX activity has been identified in regulation of PAR4 (protease-activated receptor-4)-and GPVI (glycoprotein VI)-mediated signaling pathways in the platelet. [9] [10] [11] Further support for development of the 12-LOX inhibitor ML355 for prevention of thrombosis was recently identified and has been well characterized in vitro. ML355 has shown >50-fold selectivity versus the paralogs, 5-human lipoxygenase, reticulocyte 15-human lipoxygenase type-1, and epithelial 15-human lipoxygenase type-2, and >100-fold selectivity versus bovine cyclooxygenase (COX)-1 and human COX-2. Further, 12-LOX was recently reported to be essential for FcγRIIa-mediated platelet activation, suggesting 12-LOX may also be a potential therapeutic target to limit immune-mediated thrombosis. 10 While recent research has indicated an important role for 12-LOX in regulation of platelet function ex vivo, the ability to pharmacologically target 12-LOX as an antithrombotic therapy and its impact on hemostasis in vivo have not been established to date.
In our current study, in addition to in vitro and ex vivo easement using human platelets, we take advantage of the advanced intravital microscopic imaging of in vivo thrombosis in mice and show the first evidence of ML355-protective actions using quantitative approaches for both in vivo thrombosis and hemostasis models in micro-and macrovascular injury, and we comprehensively assessed the impact of pharmacological inhibition of 12-LOX on thrombosis and hemostasis. We assessed inhibition of platelet 12-LOX as a potential antiplatelet therapeutic target and its safety profile by comparing the effect of ML355 on thrombotic/hemostatic clot composition, bleeding time, and blood loss with other existing widely used antiplatelet regents, such as aspirin.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

ML355 Inhibits Human Platelet Aggregation Induced by Thrombin
Pharmacological inhibition of 12-LOX has been shown to attenuate GPVI-and PAR4-mediated platelet activation. 11 Further, pharmacological inhibition of 12-LOX by ML355 was shown to attenuate FcγRIIa-mediated human platelet aggregation via modulation of the proximal signaling components of the pathway. 12 To identify whether 12-LOX is a key regulator of platelet activation after activation of the coagulation pathway, the effect of ML355 on platelet aggregation induced by thrombin was assessed. Platelet aggregation in washed human platelets was measured after stimulation with multiple concentrations of thrombin ( Figure 1A ). For each thrombin concentration, platelets were pretreated with increasing concentrations of ML355 (25, 50, and 100 μmol/L). Platelet aggregation was fully blocked at the lower concentration of thrombin (0.25 nmol/L) with all concentrations of ML355. ML355 treatments inhibit ≈50% to 60% platelet aggregation at 0.5 nmol/L thrombin and inhibit ≈25% aggregation at medium and lower doses by 1 nmol/L thrombin. Interestingly, ML355 inhibition of platelet function can be overcome by high concentrations of thrombin (>2.5 nmol/L), indicating that the inhibitory effect of ML355 on platelet 12-LOX is reversible, which may be beneficial for hemostasis in the event of severe injury. To test whether ML355 inhibition of platelet aggregation showed selectivity toward specific receptor pathways in the platelet, platelet aggregation response was assessed for PAR1-activating peptide (1 μmol/L), PAR4-activating peptide (50 μmol/L), and collagen (0.5 μg/mL) with or without ML355 ( Figure 1B ). High concentration of ML355 (100 μmol/L) strongly inhibited platelet aggregation induced by all agonists, and the inhibitory effect on platelet function was similarly diminished with decreasing concentration of ML355.
To determine whether ML355 had similar inhibitory potential to aspirin (acetylsalicylic acid [ASA]), the most widely used antiplatelet agent on platelet activation, the effect of ML355 on platelet aggregation was compared with treatment with ASA. As expected, treatment of platelets with either ASA (100 μmol/L) or ML355 (25 μmol/L) inhibited platelet aggregation in response to thrombin ( Figure 1C ). In comparison to ASA, ML355 seem to more potently inhibit thrombin-mediated platelet aggregation. Interestingly, in response to thrombin stimulation, platelets incubated with both ML355 and ASA had a decrease in aggregation compared with platelets treated with either the vehicle or ASA but not ML355. These data suggest ML355 is a more potent inhibitor of human platelet aggregation compared with ASA, and dual inhibition of COX and 12-LOX does not result in an additive inhibitory effect. Further, mass spectrometry analysis ( Figure 1D ) showed that ML355 treatments effectively decreased 12-HETE formation when compared with control. In contrast, ASA treatment increased the production of 12-HETE compared with control. The increase in 12-HETE in the presence of ASA is expected based on previous work showing that an inhibition of COX-1 leads to an increase in the available arachidonic acid substrate for oxidation by 12-LOX. 13 Platelets treated with both ML355 and ASA also resulted in a decrease in thrombin-induced 12-HETE formation. These results indicate that ML355 concentrations that inhibit thrombin-mediated platelet aggregation also attenuate 12-HETE formation.
ML355 Attenuates Human Platelet Adhesion and Aggregation on Collagen Under Arterial Shear Forces in Whole Blood
To assess the effect of ML355 on human platelet adhesion and aggregation under flow, heparin-anticoagulated whole blood was incubated with ML355 (25, 50, or 100 μmol/L) or an equivalent volume of dimethyl sulfoxide for 5 minutes followed by perfusion at arterial shear (1800 s −1 ) over a collagen-coated surface. As shown in Figure 2A , platelets adhere, aggregate, and form a stable thrombus over the course of perfusion in dimethyl sulfoxide-treated whole blood. In contrast, whole blood treated with ML355 exhibited an attenuation of platelet adhesion, aggregation, and thrombus formation in a dose-dependent manner. The adhered fluorescent platelets and platelet aggregates were observed to be unstable and visibly smaller in size compared with dimethyl sulfoxide-treated whole blood. Quantitative dynamics of surface area covered by fluorescent platelets was analyzed throughout the course of perfusion. As shown in Figure 2B , the dynamics of platelet surface coverage was significantly reduced in ML355-treated whole blood compared with controls (25 μmol/L, P<0.05; 50 μmol/L, P<0.01; and 100 μmol/L, P<0.001). Further, ML355 showed stronger platelet inhibition when compared with ASA (100 μmol/L), and combination of ML355 with ASA showed a synergistic inhibitory effect on platelet function compared with ASA or ML355 treatment alone (P<0.0001; Figure 2C ). 
In Vivo ML355 Pharmacokinetics in Mice
Oral administration of ML355 in mice results in favorable plasma concentration. ML355 C max in plasma was ≈57 μmol/L, and the concentration of ML355 in plasma was ≈5 μmol/L at 12 hours, which shows sufficient drug in circulation in mice used for in vivo studies ( Figure 3A ).
ML355 Impairs Thrombus Growth and Vessel Occlusion In Vivo
The effect of ML355 on thrombus formation and vessel occlusion in vivo was assessed using intravital microscopy models in different vascular beds. In the FeCl 3 -induced mesenteric arteriole injury model, thrombosis was assessed in response to injury in wild-type (WT) mice treated orally with ML355 (15 and 30 mg/kg) or polyethylene glycol 300 (PEG300) alone twice per day for 2 days, with FeCl 3 being applied to the vessel at the end of the second day. As shown in Figure 3B (Movies IA through 1C in the onlineonly Data Supplement), FeCl 3 treatment to the mesenteric vessel in WT mice treated with PEG300 caused platelets to adhere to and form visible aggregates and thrombus at the site of injury. The thrombus continuously grew, resulting in a stable vessel occlusion in all PEG300-treated vessels. In contrast, platelet adhesion, aggregation, and thrombus formation in all WT mice treated with ML355 were impaired, unstable, and frequently embolized. As shown in Figure 3C , 3 of the 6 ML355-treated mice failed to form vessel occlusion during the 40-minute recording time. The remaining ML355-treated mice were able to form a vessel occlusion that was significantly delayed compared with WT+PEG300. Further, the thrombi that did form in the ML355-treated mice were unstable and embolized quickly after occlusion. Consistent with the observed impairment of thrombus formation after inhibition of 12-LOX, Figure 2 . ML355 potently inhibits platelet function ex vivo under arterial shear. A, ML355 attenuates platelet adhesion, aggregation, and thrombus formation under arterial flow conditions. Human whole blood was preincubated with 25 to 100 μmol/L of ML355 or dimethyl sulfoxide (DMSO) for 5 minutes prior to being perfused over a collagen-coated surface at arterial shear rate (1800/s) for 4 minutes. Representative pictures of platelet adhesion and aggregation at the end of each minute of perfusion (upper). Dynamics of platelet surface coverage in each 30-s interval (lower). N=8. P value determined by analysis of variance (ANOVA) compared with DMSO condition. B, ML355 inhibits platelet adhesion and aggregation in the presence of cyclooxygenase (COX)-1 inhibitor acetylsalicylic acid (ASA). Human whole blood was preincubated with DMSO, 25 μmol/L ML355, 100 μmol/L ASA, or ML355+ASA prior to undergoing perfusion as described earlier. thrombus formation in 12-LOX null (12-LOX −/− ) mice was similarly impaired, resulting in a delay in platelet adhesion, aggregation, and thrombus formation. ML355 treatments in 12-LOX −/− mice seem to not further impair thrombus formation in 12-LOX −/− mice. Thrombi formation and vessel occlusion were observed to be delayed and unstable. As shown in Figure 3B To determine the efficacy of ML355 on limiting thrombus formation in vivo, we studied the dynamics of platelet accumulation and fibrin formation in growing thrombi using the laser injury cremaster arterial thrombosis model. Cremaster arteriole thrombus formation in response to laser injury was quantitatively assessed by real-time measurement of platelet recruitment and fibrin formation at the site of injury in WT mice pretreated with ML355 (30, 15, 7.5, 3.75, or 1.88 mg/kg) or vehicle only, via oral gavage twice a day for 2 days. As shown in representative pictures of thrombus formation in Figure 4A (and Movie 2A through 2F in the online-only Data Supplement), the thrombus formation in mice was strongly inhibited by higher doses of ML355 treatments compared with WT (vehicle) controls. The thrombi were smaller, unstable, and detached more readily in mice treated with 3.5 mg/kg of ML355 or higher. The inhibitory effect of ML355 was less notable in mice pretreated with 1.88 mg/kg of ML355, whereas both platelet recruitment and fibrin formation at the site of injury were comparable to those of vehicle-treated control mice. Quantitative analysis of dynamic platelet recruitment and fibrin formation ( Figure 4B ) within thrombi revealed that both platelet recruitment and fibrin formation were strongly inhibited in mice treated with higher doses of ML355 (15 and 30 mg/kg). Interestingly, while platelet inhibition was observed at lower doses of ML355 (7.5 and 3.75 mg/kg), fibrin content in thrombi at these doses of ML355 was not significantly affected compared with control conditions. Finally, platelet recruitment and fibrin content at the lowest dose of ML355-treated mice (1.88 mg/kg) were comparable to the thrombi in PEG300-treated mice. The effect of ML355 on platelet recruitment and platelet P-selectin expression in thrombi was also tested in mice treated with control buffer, ASA 100 mg/kg or 15 mg/kg ML355 plus ASA. Compared with the controls, ASA treatment decreased the platelet recruitment without notably affecting the P-selectin-positive platelet within thrombi. Dual treatment of ML355 and ASA strongly inhibited platelet recruitment and P-selectin expression on platelet surface within thrombi.
ML355 Inhibition of Platelet Function Is Specific to 12-LOX In Vivo
The pharmacological inhibition of platelet function and thrombus formation by ML355 in vivo is consistent with the decreased platelet activation and aggregation in vitro 11 and impaired thrombus formation in vivo in 12-LOX −/− mice from our recent studies. 14 To determine whether the observed inhibition of thrombus formation by ML355 in vivo was 12-LOX-dependent, thrombus formation was measured in 12-LOX −/− mice treated with 15 mg/kg ML355. As shown in Figure 5A and in agreement with recently published work, 14 thrombus formation in 12-LOX −/− mice was impaired and formed unstable smaller thrombi. Interestingly, the residual thrombus in 12-LOX −/− mice was not further reduced after treatment with ML355. No significant differences were observed in the dynamics of platelet recruitment and fibrin formation within thrombi in 12-LOX −/− mice with or without ML355 treatment ( Figure 5B; P>0.05) . The inability of ML355 to further reduce thrombus formation in 12-LOX −/− mice strongly supports that the inhibition of thrombus formation by ML355 is specific to 12-LOX.
ML355 Treatment Minimally Impacts Hemostasis In Vivo
The potential impact of ML355 treatment on hemostasis was assessed using several vessels in the mouse model. First, hemostasis was assessed by measuring the formation of a hemostatic clot and bleeding using a recently developed intravital microscopy laser ablation model of hemostasis in real-time in 12-LOX −/− or WT mice treated with ML355 (15 mg/kg) or vehicle. Hemostatic clot formation at the site of vascular injury was assessed in the saphenous vein hemostasis model, where platelet plug and fibrin formation were visualized and quantitated after laser-induced rupture of the saphenous vein wall under intravital microscopy as previously described. 15 Immediately after laser injury, fluorescent platelets were seen adhering to the site of injury and forming a visible platelet plug with fibrin ring observed at the edges of the vascular insult. The laser injury was repeated at 5 minutes and 10 minutes intervals at the same site of injury, resulting in the formation of serially larger and more robust stable hemostatic plugs. As shown in Figure 6A , no significant alteration in hemostatic clot formation was observed in WT mice treated with ML355 when compared with vehicletreated WT mice. Furthermore, hemostatic plug formation in 12-LOX −/− mice was not significantly impaired under the same experimental conditions. Quantitative analysis of the dynamics of the platelet plug and fibrin formation within the hemostatic clot in response to repetitive injury did not significantly differ between WT with or without ML355 treatments and 12-LOX −/− mice ( Figure 6B) . A second measurement of altered hemostasis was also performed in the cremaster vessels by assessing time required for the cessation of plasma extravasation in the cremaster microvasculature after laserinduced vascular wall rupture. Cremaster microvasculature blood flow was visualized by intravenous injection of fluorescein isothiocyanate (FITC)-dextran prior to injury followed by a vascular wall rupture of either the cremaster arteriole or venule wall using a laser under confocal intravital microscopy as described previously. 14, 16 Immediately after rupture of the vascular wall, the FITC-dextran was observed leaking out of the vessel at the site of injury. After the formation of a hemostatic plug, dextran leakage from the vessel decreased over time, and cessation of vascular leakage was observed after formation of a stable hemostatic plug at the site of injury. FITC-dextran plasma extravasation and time required for cessation were assessed for both arterioles and venules. As shown in Figure 7A (Movie 3A through 3C in the online-only Data Supplement), plasma extravasation and cessation of FITC-dextran extravasation after platelet plug formation in cremaster arterioles was similar in WT mice treated with ML355 (15 mg/kg) or vehicle, as well as in 12-LOX −/− mice. Analysis of sequential images in the cremaster vessel rupture model showed no notable difference in the time required for the cessation of plasma extravasation in either arterioles or venules in WT mice with or without ML355 or in 12-LOX −/− mice ( Figure 7B ). Under the same experimental conditions, heparin treatment in WT mice resulted in a significant impairment of hemostatic plug formation and delay in cessation of FITC-dextran extravasation. These results are consistent with the observation that no difference was observed in platelet plug formation with ML355 in the saphenous vein hemostasis model. Finally, we assessed the impact of ML355 treatment on tail-bleeding time and blood loss. Tail bleeding in mice treated with ML355 at doses of 3.5,15, and 30 mg/kg for 2 days did not Figure 7 . ML355 treatment did not significantly increase bleeding as assessed by plasma extravasation after laser-induced rupture of cremaster microvasculature and tail-bleeding assays. A, Fluorescein isothiocyanate-dextran (10 000 MW) was infused prior to laser injury to visualize the blood flow (plasma shown in red) in cremaster arteriole of wild-type (WT) mice treated with polyethylene glycol (PEG) control (upper), WT mice treated with ML355 (15 mg/kg, twice a day for 2 days; middle), and WT intravenously injected with 25 U heparin 10 min prior to microscopy. The cremaster muscle arteriole wall was exposed to a high-intensity laser pulse to puncture a hole, which resulted in plasma extravasation and subsequent formation of a platelet hemostatic plug (shown in yellow), leading to cessation of extravasation of plasma. B, The time required for the cessation of plasma dextran extravasation from arterioles (shown in circle) and venules (shown in square) in PEG-treated WT control mice (shown in black), and ML355-treated WT mice (shown in red). Heparin-treated WT mice control shown in green. Data from 1 to 2 independent injuries per mouse, 3 mice in each group. P>0.05. C, Tail bleeding time and total red blood cell loss was assessed in WT treated with PEG control (black), WT mice treated with ML355 (3.5,15, and 30 mg/kg twice a day for 2 days; red), and platelet 12(S)-lipoxygenase null (12 LOX −/− ) mice with or without ML355 (30 mg/kg) treatment (gray). Compared with PEG300-treated control mice, ML355 treatment mice did not significantly increase tailbleeding time of all tested doses (P>0.05; upper) and total blood loss (lower; P>0.05), while 12 LOX −/− mice has increased tail-bleeding time (P<0.01) and blood loss (P<0.05).
significantly prolong the tail-bleeding time and red blood cell loss when compared with PEG300-treated control mice (P>0.05), whereas 12-LOX −/− displayed an increased bleeding time, and ML355 treatment did not further deteriorate bleeding in 12-LOX −/− mice ( Figure 7C ).
Discussion
Regulation of platelet function is essential for the prevention and treatment of cardiovascular atherothrombotic events, such as coronary artery disease and stroke. While current antiplatelet drugs effectively inhibit platelet function and prevent thrombotic complications, these treatments often increase the risk of unwanted bleeding. Therefore, there is an unmet need for the identification of novel antiplatelet targets that block unnecessary platelet activation in disease conditions and reverse platelet inhibition with a minimal risk of bleeding. Here we report that the highly specific 12-LOX inhibitor ML355 is a viable option for antiplatelet therapy. We have investigated the impact of genetic ablation of 12-LOX on injury-induced thrombus formation in 12-LOX −/− mice. More importantly, we studied the therapeutic effect of pharmacologically targeting 12-LOX with ML355 9, 11, 17 . Inhibition of 12-LOX in human platelets dosedependently inhibited platelet aggregation initiated through either the thrombin-or collagen-mediated activation pathways. Additionally, inhibition of 12-LOX in human whole blood resulted in attenuation of platelet adhesion, aggregation, and thrombus formation under arterial shear conditions. Finally, using complementary intravital microscopy models of thrombosis and hemostasis, we found that orally dosed ML355 was able to attenuate thrombosis without notably impairing hemostasis.
Platelet reactivity is an important functional index for assessing platelet response to vascular injury. Using selective 12-LOX inhibitors, such as NCTT-956, 12-LOX was previously shown to be important in the regulation of platelet reactivity. 18 Therefore, targeting 12-LOX activation with a selective, orally bioavailable 12-LOX inhibitor may represent a viable antiplatelet therapy. With the development of the first-in-class highly selective, orally bioavailable 12-LOX inhibitor, ML355, the current study strongly supports primary observations that 12-LOX plays an important role in platelet reactivity. Here, 12-LOX inhibition is shown to dosedependently inhibit platelet aggregation induced by thrombin, the most potent platelet agonist in vitro and in vivo. Interestingly, the inhibitory effect of ML355 on thrombininduced platelet aggregation ex vivo diminishes with the increasing concentration of thrombin and is completely overcome by the presence of high concentration of thrombin. This observation supports that ML355-treated platelets are still reactive and able to form platelet aggregates and hemostatic clots when thrombin reaches high concentrations locally at the site of vascular injury, where maintenance of hemostasis is essential to prevention of unwanted bleeding. Additionally, data from ex vivo flow chamber studies (Figure 2) suggest that ML355 is able to attenuate platelet adhesion, aggregation, and thrombus formation under high shear conditions. Together, the data support that 12-LOX is an important regulator of platelet reactivity.
COX-1, one of the major oxygenases in the platelet, also produces oxylipin products from fatty acids similar to 12-LOX. ASA is a widely used and effective antiplatelet therapy that works by irreversibly inhibiting COX-1 to prevent production of thromboxane A2. As we assess the potency and utility of inhibiting 12-LOX with ML355 as a potential therapeutic, it is important to determine whether ML355 is effective as an antiplatelet monotherapy or needs to be used as a dual therapy in conjunction with ASA. The results from mono and dual inhibition with ML355 and ASA strongly support that combination of ML355 may have more potent effect in inhibiting platelet adhesion, aggregation, and thrombosis. (Figures 1, 2, and 4 ). It will be important in the future to determine how inhibition of 12-LOX compares to other antiplatelet approaches currently in use, including targeting of the P2Y 12 receptor, PAR1, as well as the integrin receptor αIIbβ3. While each of these approaches has been shown to be effective as dual therapeutic approaches in the clinic, it will be important to determine whether inhibition of 12-LOX alone or in conjunction with these inhibitory approaches offers a better protection with reduced risk of bleeding.
While the role of 12-LOX and its metabolites in regulation of platelet function has been a topic of significant interest for years, the ability to regulate platelet activation and clot formation in vivo through modulation of 12-LOX has been elusive. Both inhibitory and supportive roles of platelet 12-LOX have been reported. 8, 11, [18] [19] [20] [21] [22] [23] Recent work from our laboratory and others has found that 12-LOX plays an important role in human platelet activation and positively regulates PAR4-and GPVI-mediated platelet reactivity. 7, 11 Additionally, the development of a more selective inhibitor against 12-LOX has enabled the observation that pharmacologically inhibiting 12-LOX results in attenuation of human platelet aggregation, integrin αIIbβ3 activation, and dense granule secretion. 11 Together, these findings strongly indicate that 12-LOX positively regulates platelet function and might be an important regulator of thrombosis in vivo. Administration of ML355 to mice shows promising pharmacokinetics and favorable drug concentration in blood circulation 12 hours after oral administration. Using well-established complementary intravital microscopy thrombosis and hemostasis models, ML355 given orally is shown to dose-dependently inhibit thrombosis formation and vessel occlusion in WT mice. The impairment of thrombosis is also evident in 12-LOX −/− mice and cannot be further abolished by ML355 treatment, which supports that the inhibitory effect of ML355 is specific to 12-LOX pathways in vivo.
One of the primary concerns with targeting procoagulant pathways in the platelet is the risk for increased bleeding. newly developed in vivo hemostatic assays to assess both hemostatic plug formation and bleeding measured by plasma extravasation after the rupture of the vascular wall in real time, hemostasis was able to be quantitatively assessed in large and small vessels in the mouse after treatment with ML355. In our hemostasis models (saphenous vein and cremaster arteriole/venule models by laser injury), the injury is intensive and results in full penetration and rupture of the vascular wall at the site of injury, resulting in blood component leakage (bleeding) out of the vessel and into the extravascular space. The bleeding is limited by the formation of a hemostatic plug at the site of injury that leads to cessation of bleeding. In severe vascular injury conditions in these models of hemostasis, ML355-treated WT mice and 12-LOX null mice were able to form hemostatic plugs at the site of injury and confine the leakage of blood components in a similar kinetic manner as observed for WT mice. Although these in vivo hemostatic models may mimic the hemostasis process, each model has its own set of limitations and may not fully reflect hemostasis in the human vessel. Overall, the data presented here clearly show that while ML355 is inhibitory to platelet activation and clot formation in vivo, vascular injury resulting in complete rupture of the vessel wall, likely resulting in significant activation of the coagulation pathway and thrombin generation, can overcome the inhibitory effects of ML355. This threshold for platelet activation in the presence of ML355 at high concentrations of endogenous agonists in the procoagulatory conditions seems to play an important role in restoring normal clotting and hemostasis. These data taken together indicate that ML355 has the potential to function as a safer antiplatelet therapy that minimally impacts hemostasis.
In summary, this is the first in vivo study showing that ML355 is an important regulator of thrombosis, and pharmacologically targeting 12-LOX is a viable antiplatelet approach. ML355 dose-dependently inhibits platelet function in vitro, under ex vivo flow conditions, and in in vivo thrombosis. Finally, ML355 treatment in mice has now been shown to protect against injury-induced thrombosis without notably impairing hemostasis.
